The electronic structure of the layered diboride dicarbide superconductor YB 2 C 2 is calculated using the full potential LAPW method within the framework of ab initio density functional theory. Our results confirm that the crystal structure with P4/mbm symmetry is more stable than the originally claimed P42c structure, which is in accordance with recent interpretations of the diffraction patterns of other related compounds of LaB 2 C 2 -type. It is found that the metallic conductivity in the stable P4/mbm structure is due to Y d-bands partially hybridized with p z -states from the B-C planes. Thus the structure of the conduction bands differs from those found in MgB 2 . However, a large portion of the Fermi surface of YB 2 C 2 exhibits distinctive two-dimensional features, which can make this compound interesting for experimental studies on superconductivity connected to effects of strong electronic structure anisotropy.
Introduction
The electronic properties of superconducting materials with layered crystal structure have been the focus of research on superconductivity for the last two decades. The huge initial interest was triggered in the 1980s by the discovery of high-T c superconductivity in layered cuprates [1] . Now, after the discovery of superconductivity in layered MgB 2 with a transition temperature T c = 39 K [2] , in layered ruthenates [3] and in quasi-two-dimensional (quasi-2D) organic superconductors [4, 5] , the general interest has widened to a broader context, namely, how strongly anisotropic features of the band structure (quasi-2D) influence the superconducting properties of the materials. The number of superconducting materials available for the study of these effects is limited by the obvious fact that not every layered metallic conductor has a pronounced 2D feature of the electronic structure of the conduction bands, and if they do not all of them are superconductors. For example, rare earth borocarbides of the type RNi 2 B 2 C, which are of particular interest due to the coexistence of 3 Author to whom any correspondence should be addressed. magnetism and superconductivity [6] , have a layered crystal structure but an essentially three-dimensional (3D) electronic one [7, 8] . Another situation is found in MgB 2 , where the conduction bands with 3D features and open strongly anisotropic covalent 2D bands coexist [9] , which is believed to be a source for the unexpectedly high superconducting transition temperature [10] . Therefore, any new layered superconducting material with a large non-dispersive portion of the Fermi surface deserves close attention.
In this paper we calculate the electronic structure of YB 2 C 2 , a diboride-dicarbide compound, on an ab initio basis within the framework of local density approximations (LDA) using the full potential linear augmented plane wave (FLAPW) method for band structure calculations. The superconductivity in YB 2 C 2 as well as in the isostructural LuB 2 C 2 , with T c = 3.6 and 2.4 K respectively, was reported as early as the beginning of the 1980s by Sakai et al [11] . Probably due to the unimpressive value of T c , no further investigation of superconductivity in these compounds were reported either from an experimental or a theoretical point of view. During recent years, however, a lot of experimental attention has been paid to the isostructural magnetic DyB 2 C 2 and TbB 2 C 2 compounds due to the unusual antiferroquadrupolar ordering in these materials [12] . The structure of YB 2 C 2 consists of well separated layers of Y and B 2 C 2 , where the latter are formed out of fourfold distorted interconnected cyclobutadiene-like rings which are structurally very different from the hexagonal, graphite-like boron planes in MgB 2 . We find that the conductivity in this compound is due to metallic Y d-bands crossing the Fermi level, but the layered character of the structure creates a large anisotropic portion of the Fermi surface, mainly due to an in-plane almost k z -independent hybridization of the Y d x 2 −y 2 states. These quasi-2D sheets of the Fermi surface coexist with 3D metallic bands which are mainly Y d-states partially hybridized with p z states of the B-C planes. Despite the fact that such an electronic configuration is completely different from that found in MgB 2 and layered cuprates, we believe that superconductivity in YB 2 C 2 deserves much closer experimental attention than it was paid before in view of possible effects connected with the interplay between 2D and 3D features of the band structure.
Structure of YB 2 C 2 and calculation details
In the literature there has been large controversy about the actual crystal symmetry of materials with LaB 2 C 2 structure. In the original paper on the conduction properties of RB 2 C 2 compounds by Sakai et al [11] , the structure was claimed to be of tetragonal P42c symmetry, which was in accordance with the general belief in the crystallographic community [13] . Later, however, on the basis of simple quantum-chemistry arguments, a concern about the stability of this structure was raised (see for example the discussion in [14] ) and on the basis of neutron diffraction studies [15] another structure with P4/mbm symmetry for CeB 2 C 2 and NdB 2 C 2 was suggested. Since, however, no such claim exists especially for YB 2 C 2 compounds we calculate both P42c and P4/mbm structures and unambiguously find that the latter structure is much more stable.
In figure 1 the two 'competing' crystal structures with P42c and P4/mbm symmetry, which have been considered in the literature as the LaB 2 C 2 -type are shown. On first sight they are very similar: the positions of the Y atoms are the same and the difference is only related to the distribution of the B and C atoms within the planes, which are built of distorted fourfold cyclobutadiene-like and eight-membered B-C rings. In solid state chemistry the problem of the preferable distribution of a few kinds of atoms on a fixed stoichiometry is often called a 'colouring' problem. Initially the x-ray diffraction patterns for the RB 2 C 2 series were interpreted using a P42c model [16, 13] . In this structure every atom in the B-C plane has two out of three in-plane neighbours being of the opposite colour and one neighbour of the same one. This leads to very small C-C distances typical for a threefold C-C bond like in acetylene. However, it has been shown on the basis of simple theoretical ideas that a colouring scheme as found in the P4/mbm structure (right panel of figure 1 ), where all three nearest neighbours of a given atom are of the opposite colour is more likely to occur [22] . As already mentioned in the introduction, further experiments have confirmed this symmetry [15] . Up to now, no ab initio electronic structure calculations exist for the metallic RB 2 C 2 compounds; only the semiconductor CaB 2 C 2 [23] has been investigated. Our ab initio band-structure calculations were performed for both structures shown in figure 1 employing the full potential linear augmented plane wave method [17, 18] as embodied in the FLAIR package [19] . The effects of exchange and correlation were treated within the local density functional formalism [20] including the generalized gradient approximation [21] . Selfconsistency was achieved on a mesh of 1728 k-points in the full Brillouin zone followed by an additional iteration with 8000 k-points to produce the density of states (DOS), band structure and Fermi surface plots as presented in sections 3 and 4. Potential and charge density were expanded up to l max = 8 and G max = 13 bohr −1 . The plane wave cut-off vector k max was chosen to provide more than 1400 APW basis functions for each k-point. For the valence states scalar relativistic corrections are included, while core states are treated fully relativistically.
We used the experimental lattice constant given by Sakai et al [11] for their superconducting sample of YB 2 C 2 . There the lattice constants are given assuming the P42c model, but they can be also easily recalculated [15] for P4/mbm symmetry as follows: c(P42c) = 2c(P4/mbm) = 0.711 nm and a(P42c) = a(P4/mbm)/ √ 2 = 0.378 nm. The values of the internal parameters for the B and C positions were taken from those in [13] given for the P42c structure; for the P4/mbm structure we used the values given for NdB 2 C 2 in [15] . We note that the values of the internal parameters for both structures depend only weakly on the type of R atom [13, 15] .
From the calculated total energy for both structures we find that the structure with P4/mbm symmetry is much more stable than P42c. The total energy difference is 1.35 eV/fu. This number is in agreement with the order of magnitude which has been estimated for the energy difference (≈2 eV) between 2 networks, with 'colouring' corresponding to the lower panels of figure 1 , from tight-binding extended Hückel type calculations [22, 15] . Since in the P42c geometry the reported triple C≡C bonds appear to be artificially contracted, we performed a geometrical optimization of internal structure parameters and found that the displacements from the claimed experimental values [13] is ≈0.007 nm for the optimized P42c geometry, while optimizing the internal parameters for the P4/mbm structure leads to an almost perfect agreement with the initially estimated values as derived from the results of [15] (differences <0.001 nm). Still, the difference in energy between both optimized structures remains above 1 eV/fu in favour of P4/mbm, which is an order of magnitude larger than the typical error expected from DFT-LDA. Thus our results show unambiguously that for YB 2 C 2 the P4/mbm structure is the correct one.
Electronic structure of YB 2 C 2
In the stable P4/mbm structure (see figure 1 ) YB 2 C 2 is a metallic conductor. The conductivity is due to two Y d-bands crossing at the Fermi level, which are weakly hybridized with p-states from the B 2 C 2 -planes. In figure 2 the calculated In the FLAPW method a non-negligible amount of charge is attributed to the interstitial region and thus cannot be attributed to a particular symmetry. Two bands with dominating Y d-contribution admixed with p z -states of B and C cross E F , being degenerate along some symmetry directions (e.g. X-M-A), while π-and σ -band manifolds below E F have a ∼2 eV gap with respect to the π-band manifold above E F . It thus appears that YB 2 C 2 is an ordinary superconductor with superconducting metallic Y-bands. As can be seen from figure 3, in a certain part of the Brillouin zone the intermixing with π-states of the B 2 C 2 planes leads to a weak dispersion of the metallic bands, which, along the X-M-A direction, does not exceed 1 eV. This feature leads to the rather interesting form of the Fermi surface as presented in figure 4 . A large portion of it does not show dispersion in the k z -direction, exhibiting almost perfect 2D behaviour. Another part of the Fermi surface has essentially 3D features. It is important to note that both 2D and 3D features are combined in different parts of the same sheet of the Fermi surface. This situation is rather different from that existing in MgB 2 and the organic superconductors mentioned in the introduction, where 3D and 2D features are found in different sheets of the Fermi surface.
Electronic structure of YB 2 C 2 for a fictitious P 42c structure
Despite the fact that the P42c structure of YB 2 C 2 now appears to be artificial, here we briefly describe its calculated electronic structure because of its peculiar properties. It appears that YB 2 C 2 in the P42c crystal structure has an incompletely filled covalent σ band, a feature which up to now seems to be unique for the superconductor MgB 2 , and hence it warrants a closer look trying to pinpoint the conditions under which such a peculiar behaviour emerges. The following discussion is also intended to raise the superconductor research community's interest into looking not only at the graphite-like layered structures but also at compounds with cyclobutadiene-like geometries like the present one.
We present the calculated electronic structure of YB 2 C 2 for the fictitious P42c structure. As explained above, one reason for this rather 'academic' exercise is to find the origin for the instability of P42c as compared to P4/mbm; the second is the close similarity of the structure of the conduction bands of YB 2 C 2 in the P42c crystal structure to those of MgB 2 . The 'high-T c ' superconductivity of the latter compound is believed to be due to the coexistence of unfilled covalent planar σ -bands and metallic 3D π-bands, which results in the two superconducting gaps [10] . Up to now this situation has been regarded as a unique feature of MgB 2 .
The calculated density of states (DOS) of the P42c structure is shown on figure 5 . The atomic and orbital resolved DOS of B and C (lower panels of figure 5) suggests that both types of B and C p-states, namely p x y and p z , contribute almost equally to the DOS at the Fermi level. It also suggests that the p x y states, which participate in the covalent planar sp 2 bonding, should provide a significant contribution in the overall conductivity of YB 2 C 2 . This situation is also a well known feature of MgB 2 [9] . The strong hybridization of the B and C π-states with the d-states of Y lowers their energy with respect to the σ -band manifold, which normally is filled in carbon-based metalloids. This results in a situation where the Fermi level crosses both the π-and σ -bands simultaneously. The difference between the situation here and in MgB 2 is that the Y d-states are much closer to the Fermi energy than the respective s-and d-states of Mg so that one entirely metallic d-band crosses the Fermi level.
In figure 6 we plot the calculated band structure along various symmetry directions in the Brillouin zone. Six bands are crossing the Fermi level: three π-, two σ -and one metallic d-band of Y. As in MgB 2 , the σ -bands show almost no dispersion in the k z direction (M-A) and the π-bands are essentially of 3D character. This is in striking contrast to the electronic structure for a P4/mbm lattice geometry where the bandwidth of the σ -bands is decreased, as is seen by comparing the -M direction for P4/mbm in figure 3 with the M-X direction for P42c in figure 6 , which cover the same reciprocal lattice vectors. The gap found between fully occupied and unoccupied π-and σ -bands is the reason for the stability of the P4/mbm structure as compared with P42c (see also the symmetry arguments for planar B 2 C 2 networks given in [14] ). Referring again to MgB 2 , it is accepted nowadays that the uniqueness of its band structure is also the reason for MgB 2 being on the verge of a structural instability [9] coming from the open covalent σ -bands which are energetically unfavourable. Finally, in figure 7 the Fermi surface for the fictitious P42c is shown, where cylindrical sheets of the Fermi surface due to the B-C σ -bands are clearly visible along the M-A direction. 
Conclusion
With our first-principles DFT calculations we show unambiguously that the stable structure of YB 2 C 2 is P4/mbm and not P42c as reported earlier in the literature. Despite seemingly very similar geometries, differing only by the 'colouring' of the B-C-sheets, the electronic structure is vastly different, especially in the region close to the Fermi level. We show that YB 2 C 2 may be an interesting candidate for studying the effects of 2D electronic structures with respect to superconducting properties. The coexistence of separated 2D and 3D parts of the Fermi surface on the same sheet at least deserves more experimental and theoretical attention than it has been paid before.
